
{NBSA-CR-116598) LOMAR SURFACE 
CBARACTERISTICS {Bellcoan, Inc . )  26 p 

c 
U 
e4 
0 
9 

0 z 

- 

Y I Y 

N79-73351 

Unclas 
00/91 12030 



i 

LUNAR SURFACE CHARACTERISTICS 

December 28, 1962 

By R. F. Fuda l i  

Bellcomm, Inc. 
Washington, D.C. 



- i - .  

TABLE OF CONTENTS 

ABSTRACT 

1.0 INTRODUCTION 

2.0 

3.0 
4.0 

5.0 
6.0 

7.0  

8.0 

9.0 

10.0 

LUNAR ATMOSPHERE 

LUNAR SURFACE TEMPERATURES 

LARGE-SCALE SURFACE FEATURES 

4.1 Pre-maria1 

4.2 Maria1 

4.3 Pos t-maria1 

SMALL-SCALE SURFACE ROUGHNESS 

NATURE OF THE SURFACE MATERIAL 

6.1 Chemical Composition 

6.2 Radioactivity 

6.3 Texture and Structure 

6.4 Bearing Strength 

6.5 Thermal Conductivity 

6.6 Electrical Conductivity 

LUNAR LANDING SITE 

LUNAR SURFACE CHARACTERISTICS - SUMMARY 
DISCUSSION 

REFERENCES CITED 

APPENDIX - Plots of Lunar Temperature Variation with Phase Angle 
and Latitude 



- ii - 
Abstract 

A n  assessment of the l u n a r  sur face  environment is h e r e i n  pre-  
sented.  However, s ince  there is l i t t l e  or no d i r e c t  evidence 
bear ing on c e r t a i n  a spec t s  of t h e  luna r  environment, the  estim- 
a t e s  presented here should not  be 'accepted u n c r i t i c a l l y  and the gen- 
erated environmental  model must  be regarded a s  p rov i s iona l  u n t i l  
more d i r e c t  evidence becomes a v a i l a b l e .  

Experimental  evidence i n d i c a t e s  that  the  luna r  atmosphere may be 
considered e s s e n t i a l l y  non-existent and t h a t  l u n a r  su r face  temp- 
e r a t u r e s  vary from 390 f 20°K t o  110 ? 25OR f o r  regions exposed t o  
t h e  sun during a luna t ion .  Temperature v a r i a t i o n s  a r e  shown 
as a func t ion  of both phase angle and l a t i t u d e .  Large-scale 
su r face  f e a t u r e s  are b r i e f l y  descr ibed and small-scale  re l ief  
is  i n f e r r e d  from the la rge-sca le  f e a t u r e s  and a cons idera t ion  of 
p o s s i b l e  modes of o r i g i n .  Cont inental  a r e a s  show a high dens i ty  
of l a r g e  s c a l e  f e a t u r e s  and must  have exh ib i t ed  s u b s t a n t i a l  small-  
s c a l e  roughness immediately a f t e r  formation. Maria a r e  monot- 
onously smooth on a large s c a l e  and t h e i r  i n i t i a l  small-scale  
roughness was most probably not a s  g r e a t  a s  tha t  of con t inen t s ,  
Both types  of t e r r a i n  are va r i ab le  and have been modified t o  an 
unknown ex ten t  s i n c e  formation by the  e r o s i o n a l  e f f e c t s  of  meteor- 
o i d  bombardment. Post-maria1 c r a t e r s  are analogous to c o n t i n e n t a l  
reg ions  (wi th  less subsequent m o d i f i c a t ~ o n ) .  There is  no def in-  
i t i v e  information on su r face  chemical composition. An e s t ima te  
of t h e  average r a d i o a c t i v i t y  dose due t o  sur face  material (3 
millirems/week) is much less than  tha t  considered hazardous.  The 
s u r f a c e  is  both a poor thermal and e l e c t r i c a l  conductor but  t h e  
v e r t i c a l  ex ten t  of t h i s  i n s u l a t i n g  material is  unknown. It prob- 
a b l y  c o n s i s t s  of discontinuous a r e a s  of dus t  and rock f r o t h ,  

. with a t h i n ,  ubiqui tous layer of whisker c r y s t a l s  and/or d u s t  a 
lesser p o s s i b i l i t y .  The discont inuous dus t  l a y e r s  should be no 
more than 1 to 6 inches th i ck  i n  most p l aces  but  may r a r e l y  
accumulate t o  g r e a t e r  depths  i n  r e s t r i c t e d  areas. Minimum bear-  
ing  s t r e n g t h s  f o r  dus t  and rock f r o t h  are es t imated  t o  be 10 p s i  
and 100 p s i  r e spec t ive ly .  In marial regions,  t h i s  heterogeneous 
s u r f a c e  should grade downward, i n  j u s t  a f e w  feet ,  i n t o  rocks 
approaching normal terrestrlal dens i ty  and s t r eng th .  The n a t u r e  
and d i s t r a b u t i o n  of hidden subsurface voids  cannot be estimated. 
Maria seem t o  o f f e r  the least hazards f o r  an i n i t i a l  l u n a r  landing, 
bu t  a c c e s s i b i l i t y  t o  o t h e r  t e r r a i n  types  from a marial s i t e  is  
desirable f o r  a maximum s c i e n t i f i c  r e t u r n .  Cer ta in  p o s s i b l e  l u n a r  
s u r f a c e  hazards cannot be assessed without a d d i t i o n a l  information. 
These are b r i e f l y  discussed.  At ten t ion  is  drawn t o  the f a c t  tha t  
l i t t l e  is  known about l u n a r  small-scale  topography, su r f ace  t e x t u r e  
and bear ing  s t r eng th ,  and numbers cha rac t e r i z ing  these a s p e c t s  
were mainly based on analogy w i t h  terrestriA1 features. e 



LUNAR SURFACE CHARACTERISTICS 

* * * * * * t 

1 .o INTRODUCTION 

T h i s  r e p o r t  p re sen t s  an i n t e r i m  model of  the  moon's sur face  
environment,based on the experimental  measurements, v i s u a l  
observat ions,  and specula t ions  repor ted  i n  the  l i t e r a t u r e  on 
t h i s  s u b j e c t .  Unfortunately,  b o t h  v i s u a l  observat ions and 
experimental  measurements a r e  seve re ly  l i m i t e d  by the remote 
l o c a t i o n  o f  the moon and the  i n t e r v e n t i o n  of the  e a r t h ' s  
atmosphere. Consequently, the bulk of the  l i t e r a t u r e  i s  
specu la t ive  i n  na ture  and any model must be considered 
i n t e r i m  u n t i l  more d i r e c t  measurements of  the l u n a r  su r face  
become a v a i l a b l e .  

The p resen t  l una r  sur face  model has been produced by swnmar- 
i z i n g  the known d e f i n i t i v e  data and, f u r t h e r ,  by consider ing 
the  con t rove r s i a l  f a c t s  a v a i l a b l e  s o l e l y  i n  the  l i g h t  o f  
Apollo requirements .  The l a t t e r  approach involved: (1) 
adopt ing a conservative model where u n c e r t a i n t i e s  e x i s t  
bu t  the  probable l i m i t s  of v a r i a t i o n  a r e  gene ra l ly  agreed 
upon; and ( 2 )  e l imina t ing  cont rovers ies  which are essent -  
i a l l y  unimportant f o r  an i n i t i a l  l u n a r  landin  . For example, 
i n s t e a d  of asking what the o r i g i n  ( o r  or ig ins$  o f  the  luna r  
su r face  f e a t u r e s  a r e ,  one might reasonably ask what the 
d i f f e r e n c e s  i n  the  lunar  sur face  w i l l  be i f  formed by one 
o r  another  process,  with re ference  t o  Apollo requirements.  
T h i s  is  a much more amenable t a s k  than the  b a s i c  problem 
of o r i g i n ,  which is n o t  going t o  be resolved without da t a  
c o l l e c t e d  on the luna r  sur face  i t s e l f .  

I n  the f i n a l  ana lys i s ,  many of  the numbers ass igned t o  
l u n a r  su r face  parameters a r e  a r b i t r a r y .  Barr ing unfore- 
seen and/or h ighly  improbable opera t ive  processes  on the 
moon's su r f ace ,  these  numbers are bel ieved t o  be reasonable 
f o r  Apollo design purposes.  

2 .0  LUNAR ATMOSPKERE 

The one a spec t  o f  t h e  l u n a r  environment which i s  almost 
u n i v e r s a l l y  agreed upon i s  t h a t  t he  luna r  atmosphere, f o r  
most  i n t e n t s  and purposes, i s  e s s e n t i a l l y  non-exis tent  
( f o r  a r a r e  opposing viewpoint,  see  re ference  1) .  Every 
experiment devised t o  d a t e  has f a i l ed  t o  r evea l  any atmos- 
pher ic  d e n s i t y .  The most r ecen t  experiments ( 2 ) ,  radio-  
astronomical observations of the r e f r a c t i o n  of r ad io  waves 
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f rom cosmic r a d i a t i o n  sources ,  i n d i c a t e  an upper l i m i t  
f o r  t h e  l u n a r  atmosphere of 10-13 t e r r e s t r i a l  atmospheres 
(14,7 x 10-13 l b s . / s q .  i n . ) .  

The p resen t  s t a t e  of the l u n a r  su r face  may be a t t r i b u t e d  
e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  to the  e a r l y  loss and present  
l a c k  of a l una r  atmosphere. S p e c i f i c a l l y ,  t he  l a c k  o f  
t e r r e s t r i a l - t y p e  weathering and eros ion  processes  has 
r e s u l t e d  i n  the preserva t ion  of very anc ien t  su r f ace  f e a t u r e s  
such t h a t  a more o r  l e s s  complete h i s t o r y  of the  moon (sub-  
sequent to i t s  i n i t i a l  l o r m a t i o n )  i s  on r eco rd .  On the 
o the r  hand, l ack  of  an atmospheric b u f f e r  has r e s u l t e d  i n  
the  modif icat ion o f  these su r face  f e a t u r e s  by primary 
micrometeorite and secondary f l u x  impacts.  F i n a l l y  the re  
i s  the p o s s i b i l i t y  t h a t  s o l a r  and cosmic r a d i a t i o n ,  over 
long per iods of time under high vacuum condi t ions ,  has 
produced su r face  ma te r i a l  q u i t e  un l ike  anything found on 
e a r t h .  

LUNAR SURFACE TEMPERATURES 

Deta i led  and p rec i se  temperature measurements a r e  lack ing  
f o r  m o s t  of  t he  l u n a r  su r face .  Aside from measurements 
made during l u n a r  e c l i p s e s ,  most  of the temperature measure- 
ments are of p o i n t s  on the l u n a r  equator ,  e s p e c i a l l y  a t  
phase angles  corresponding t o  l u n a r  noon (subsolar  p o i n t )  
and l u n a r  midnight.  Probably the most  widely quoted temp- 
e r a t u r e s  i n  the l i t e r a t u r e  are 374 degrees K ( 3 )  f o r  l u n a r  
noon and 120 degrees K ( 4 )  f o r  l u n a r  midnight.  Sinton (5)  
has re-measured these temperatures and quotes values  o f  
389 degrees K and 122 degrees K,  r e s p e c t i v e l y .  

However, knowing the solar cons tan t  G, t he  moon's d i s t ance  
from the sun r, the moon's r o t a t i o n a l  per iod P, and the 
albedo o f  the  moon's sur face  A, one can c a l c u l a t e  the equa- 
t o r i a l  v a r i a t i o n  I n  sur face  temperature w i t h  phase angle  
by ass ing  a reasonable value f o r  the thermal i n e r t i a  
( K P ) ~ ?  where K i s  the thermal conduct iv i ty ,  pis the  
de s i t y  and c i s  the s p e c i f i c  heat of the l u n a r  su r face  
m a t e r i a l  ( 5 ) .  The c a l c u l a t i o n  depends upon only one temp- 
e r a t u r e  measurement. In  the case of  the curve reproduced 
i n  F i g .  1, the s o l a r  constant  G was assumed t o  be tha t  which 
would g ive  a maxhum ( subso la r )  temperature of  389 degrees 
K (experimental ly  determined).  Indeed, one can estimate 
curves f o r  var ious  l a t i t u d e s  based s o l e l y  on t h e ' e q u a t o r i a l  
curve,  f o r  the  only d i f f e rence  w i l l  be t ha t  the inc iden t  
s o l a r  r a d i a t i o n  w i l l  be reduced by an approximate f a c t o r  
of  c o s e ,  where-eis  t h e  l a t i t u d e .  Consequently the  temp- 
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e r a t u r e  a t  any l a t i t u d e  w i l l  merely d i f f e r  f rom the equa- 
t o r i a l  tern e r a t u r e  a t  the same phase angle  by a f a c t o r  of 
(cos e)l/f. 
based on the e q u a t o r i a l  curve of F i g .  1. 

How good these temperature curves are depends upon: 
the accuracy of t h e  experimental  temperature o r  temperatures 
upon which they a r e  based; ( 2 )  the magnitude of  the e r r o r  
introduced by the assumptions which must be made i n  de r iv ing  
the curves from the experimental  temperatures;  and (3)  the 
magnitude o f  t he  devia t ions  caused by l u n a r  su r face  var- 
i a t i o n s ,  which cannot be taken i n t o  account on these  p l o t s .  

Such a s e r i e s  of p l o t s  i s  shown i n  F i g .  2, 

(1) 

A cons idera t ion  of the experimental  e r r o r s ,  t h e o r e t i c a l  
assumptions,  and v a r i a t i o n s  caused b su r face  inhomogeneities,  
as discussed i n  the l i t e r a t u r e  (3-10 B , f o r c e s  one t o  conclud'e 
t ha t  repor ted  temperatures have a probable a s soc ia t ed  e r r o r  
of f20  degrees C and the  ca l cu la t ed  temperature curves have 
a l i k e l y  e r r o r  of  no l e s s  than 225 degrees C over the  most 
accu ra t e  po r t ions  of t h e  curves .  These e r r o r s  a r e  l i k e l y  
t o  be somewhat g r e a t e r  between l u n a r  sunse t  and l u n a r  sun- 
r i s e .  

4.0 LARGE-SCALE SURFACE FEATURES 

U t i l i z i n g  well-known geologic p r i n c i p l e s ,  it i s  poss ib l e  
t o  cons t ruc t  a th ree fo ld  d i v i s i o n  of the l u n a r  su r face  based 
on the r e l a t i v e  times of formation of the su r face  materials 
(11). It is  most convenient t o  consider  the, na tu re  of the 
large-scale l u n a r  sur face  f e a t u r e s  i n  terms of  these three 
systems. 

The c h a r a c t e r i s t i c s  of the m a t e r i a l  com r i s i n g  these three 

4.1 Pre-maria1 material - the l igh ter -co lored ,  e leva ted ,  

systems a r e  tabula ted  belowa i n  o rde r  0 F -decreas ing  age* 

rough-appea'rlng., so-ca l led  cont inents ,  which e x h i b i t  
t he  fol lowing major f e a t u r e s :  

( a )  A mult i tude of crowded and overlapping, c i r c u l a r  
and subc i r cu la r  c r a t e r s  ranging i n  s i z e  from 
180 miles i n  diameter t o  below the  L i m i t  of 
o p t i c a l  r e s o l u t i o n .  There i s  a rough inverse  
r e l a t i o n s h i p  between c r a t e r  s i z e  and depth 
(depth diameter = 0.02 t o  0.03 f o r  100 Km 
diameter;  = 0.1 f o r  10 Km diameter - r e f .  12), 
and between depth and apparent  age f o r  c r a t e r s  
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o f  the  same s i z e .  The c r a t e r  f l o o r s  a r e  gener- 
a l l y  considerably depressed below the  ground 
l e v e l  ou ts ide  the  r i m s .  Slopes o f  i nne r  r i m s  
may a t t a i n  35-40 degrees;  the o u t e r  r i m s  
average j u s t  a few degrees. Some c r a t e r s  ex- 
h i b i t  c e n t r a l  peaks o r  rubble  heaps.  A few 
of  the smaller  c r a t e r s  a r e  a l igned  i n  chains ,  
bu t  t h e  vas t  major i ty  of  a l l - s i z e  c r a t e r s  ex- 
h i b i t  a random d i s t r i b u t i o n .  

( b )  Mountains - rubble a r e a s  wi th  peak he igh t s  up 
t o  20,000 f ee t  c o n s i s t i n g  of "more o r  l e s s  
rounded s t r u c t u r e s  heaped together"  (13). 

r i l ls  ( f loored  c racks ) ,  and f a u l t s  which are 
o f t e n  a s soc ia t ed  i n  a well def ined network 
o f  i n t e r s e c t i n g  families.  F a u l t s  are p a r t i c u l a r -  
l y  numerous and appear t o  e x h i b i t  only v e r t i c a l  
displacement.  No s t r i k e - s l i p  f a u l t s  have as 
y e t  been i d e n t i f i e d .  Concentric escarpments 
a r e  a l so  found near  t he  per imeter  of c e r t a i n  
maria .  

( c )  Linear  f e a t u r e s  - numerous va l l eys ,  r i dges ,  

The pre-marial-mater ia ls  a r e ,  i n  p laces ,  covered by 
b o t h  maria1 m a t e r i a l  and post-maria1 c r a t e r s .  

4 .2  Marial  m a t e r i a l  - The dark, depressed, apparent ly  
smoothb'"lunar seas"  which e x h i b i t  the fol lowing char- 
ac  t e r i s t i c s :  

( a )  V a s t  a r eas  which a r e  f e a t u r e l e s s  down t o  the 
l i m i t  of o p t i c a l  r e s o l u t i o n  and almost f l a t  
(max. s lopes  of 2-3 degrees) .  

Low domes and a n t i c l i n e s  w i t h  very g e n t l e  
s lopes  (2-4 degrees ) . 
Shallow depressions w i t h  very g e n t l e  s lopes  (2- 
4 degrees) .  

Rare c r a t e r  chains  similar t o  those found i n  
con t inen ta l  regions,  b u t  composed of  smal le r  
s i zed  c r a t e r s .  

(b) 

( c )  

( d )  

( e )  Linear  f e a t u r e s  - s h o r t ,  narrow va l l eys ,  rills 
and f a u l t s  a r e  present ,  b u t  much l e s s  abundant 
than i n  pre-marial matepia l .  

Random craters ranging from 40-50 mi les  i n  
diameter t o  below the  l i m i t  o f  o p t i c a l  res- 
o l u t i o n  are p resen t ,  b u t  again,  much less 

(f) 
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numerous than i n  pre-marial  m a t e r i a l .  These 
c r a t e r s  a r e  mainly post-maria1 i n  age .  

4.3 Post-marial  ma te r i a l  - The youngest c r a t e r s ,  ranging 
i n  s i z e  from 40-50 'miles  i n  diameter t o  below the 
l i m i t  o f  o p t i c a l  r e s o l u t i o n ,  which a r e  superimposed 
on both of the o lder  systems. These c r a t e r s  have 
sharp, l i t t l e - e r o d e d  r i m s  and many e x h i b i t  t he  well- 
known phenomena of r a d i a l  rays, which are i n t e r p r e t e d  
as very t h i n  e j e c t a  depos i t s  f rom the c r a t e r s ,  s t i l l  
v i s i b l e  because of t h e i r  r e l a t i v e l y  young age.  

From cons idera t ion  of t he  above f a c i s ,  one may conclude: 

( a )  The pre-marial h i s t o r y  of the moon r e s u l t e d  i n  
an extremely rough, heav i ly  f r a c t u r e d  sur face ,  
c e r t a i n l y  on a l a r g e  s c a l e  and most probably 
on a small  s c a l e  as w e l l ;  

The marial  material has covered much o f  t h i s  
rough pre-maria1 su r face  and is  very much 
smoother on a l a r g e  s c a l e ;  

The post-maria1 processes  have been much reduced 
i n  i n t e n s i t y  as, compared t o  pre-maria1 and 
mar i a l  processes,  l eav ing  the maria almost un- 
changed s i n c e  t h e i r  formation, a t  l eas t  on a 
l a r g e  s c a l e .  

( b )  

( c )  

SMALL SCALE SURFACE ROUGHNESS 

The small s c a l e  roughness of  the moon's su r f ace  ( <  500 
fee t ) ,  be ing  unobservable w i t h  earth-based o p t i c a l  i n s t r u -  
ments, must be in fe r r ed  from i n d i r e c t  evidence. 

Ea r ly  radar r e f l e c t i v i t y  da t a  (14, 15, 16)  seemed t o  i n -  
d i c a t e  a l u n a r  sur face  which contained f e w  p i t s  o r  pro- 
tuberances larger than 10 cm, i n  diameter and predominantly 
g e n t l e  large- s c a l e  s lopes .  But as experience was gained 
with the technique, i t  became apparent  t ha t  the r e f l e c t i v i t y  
da t a  could be i n t e r p r e t e d  i n  more than one way (17, 18) .  
It appears then, t o  Be unwise t o  base any e s t ima te  of l u n a r  
smal l - sca le  sur face  roughness on r ada r  data a t  th i s  p o i n t .  

The only o the r  i n d i r e c t  evidence a v a i l a b l e  i s  a cons idera t ion  
of the processes  of formation and subsequent modif icat ion 



- 6 -  

of  the luna r  s u r f a c e .  

The-processes which shaped the o r i g i n a l  l una r  su r face  a r e  
s t i l l  a matter of heated debate .  The only two t h e o r i e s  
which mer i t  s e r i o u s  cons idera t ion  a r e  meteoric  impact 
o r i g i n  ( w i t h  modification f o r  maria formation and vol-  
can ic  o r i g i n .  With one notab le  except ion (19 , the 
proponents of both theo r i e s  of o r i g i n  agree t h a t  the 
maria a r e  covered by ex t rus ive  igneous rocks .  G o l d ' s  
theory,  tha t  the maria a r e  covered w i t h  loose dus t  to a 
depth of s e v e r a l  hundred f e e t ,  w i t h  the  t o t a l  l a y e r  of  
d u s t  ob ta in ing  a thickness  of one-half m i l e  o r  more, does 
n o t  exp la in  a number of observa t iona l  f a c t s  and i s  considered 
h ighly  improbable (20-23) .  

1 

For purposes of determining small  s c a l e  su r face  roughness 
i t  i s  n o t  necessary t o  choose between the  two t h e o r i e s .  
To be c o n s i s t a n t  w i t h  observed l a rge - sca l e  su r face  f e a t u r e s ,  
both p r e d i c t  t ha t  the con t inen ta l  a r e a s  and the post-maria1 
c r a t e r s  were q u i t e  rough on a small s c a l e  immediately 
a f t e r  formation (blocks o r  f l o w  s t r u c t u r e s  up to 3 f e e t  
i n  height covering much of  the sur face ,  numerous l a r g e r  
blocks o r  l ava  f low s t r u c t u r e s  up t o  15-20 fee t  i n  height ,  
l o c a l  slopes up t o  40 degrees). 
t i o n s  made as t o  composition, both t h e o r i e s  p r e d i c t  the 
maria may have been reasonably smooth ( t h a t  is ,  passable  
f o r  an ord inary  wheeled veh ic l e  without s p e c i a l  design 
c h a r a c t e r i s t i c s )  i f  formed mainly f r o m  ahoehoe-type l ava  
(11, 24) o r  welded t u f f s  (25) o r  rough yon a small s c a l e )  
i f  formed mainly from aa-type l ava  f lows  (11, 24),  the 
most probable s u r f a c e  being heterogeneous and varying between 
these extremes. Thus i n i t i a l  small  s c a l e  roughness, except 
very l o c a l l y ,  would probably no t  be as hazardous, a s  t ha t  
a s soc ia t ed  w i t h  con t inen ta l  regions ( s lopes  more g e n t l e ,  
cracks and f a u l t s  much less numerous, l a r g e r  blocky material 
n o t  as p r e v a l e n t ) .  

Depending upon the assump- 

Since formation, the  cont inents  and maria have been s u b j e c t  
t o  l a rge - sca l e  meteoric bombardment o r  volcanic  a c t i v i t y  
(post-maria1 c r a t e r s ) ,  small -scale  meteoric  bombardment 
and/or vo lcanic  a c t i v i t y  (producing f e a t u r e s  i n  the s i z e  
range 3-500 f e e t )  and micrometeorite bombardment. 
f i rs t  two processes  tend t o  i nc rease  small-scale  roughness.  
The t h i r d  process tends t o  decrease i t .  The n e t  e f f e c t  
i s  n o t  known. 

The 

It is  concluded t h a t  the small  s c a l e  roughness model of the 
maria f o r  Apollo purposes should be one e x h i b i t i n g  consider- 
a b l e  small-scale  r e l i e f  - rubbly m a t e r i a l  w i t h  blocks and 
f l o w  s t r u c t u r e s  up t o  3 f e e t  i n  he igh t  no t  uncommon, l a r g e r  
blocks and flow s t r u c t u r e s  up t o  20 f e e t  i n  he ight  found 
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6 . 0  

l o c a l l y ,  small  c r a t e r s  ranging from f r a c t i o n s  of an inch 
up t o  s eve ra l  hundred f e e t  i n  diameter numerous (bu t  m o s t  
a r e  on the lower end o f  t he  s i z e  s c a l e ,  l a r g e r  ones q u i t e  
s c a r c e ) ,  g e n t l e  s lopes ,  except f o r  i n n e r  rims of c r a t e r s ,  
some small-scale  f issures  and f a u l t s .  

It i s  no t  i m p o s s i b l e  that ,  except f o r  small  c r a t e r s ,  the 
maria a r e  almost smooth, i n  whole or i n  par t ,  bu t  lack-  
ing  any proof of such a p o s s i b i l i t y  i t  would be fool -  
hardy t o  design f o r  such condi t ions .  

NATURE OF THE SURFACE MATERIAL, 

6.1 

6.2 

Chemical Composition 

There i s  no d i r e c t  observa t iona l  evidence bear ing 
on the chemical composition of t he  moon's sur face ,  
and the i n d i r e c t  evidence simply l e a d s  t o  widely 
divergent  personal opinions,  producing es t imates  
ranging f r o m  chondr i t i c  t o  g r a n i t i c  compositions.  
After extensive cons idera t ion  of t he  evidence t o  
da t e ,  Urey (22)  s u c c i n c t l y  summarizes the s i t u -  
a t i o n  by s t a t i n g  ( p .  511): "We may conclude t h a t  
we have no d e f i n i t i v e  evidence i n  regard t o  the  
chemical composition of the su r face  m a t e r i a l s  of 
the moon ." 
Radioac t iv i ty  

The r a d i a t i o n  produced by the  l u n a r  su r face  r e s u l t s  
from a combination of t h ree  f a c t o r s :  (1) cosmic 
and s o l a r  radiat ion-induced neutron back-sca t te r -  
i n g  from the sur face  material; ( 2 )  the decay of 
sho r t - l i ved ,  unstable  i so topes  produced by the  same 
cosmic and solar  r a d i a t i o n ;  and (3) the  decay of 
the r ad ioac t ive  species o r i g i n a l l y  p re sen t  i n  the 
su r face  ma te r i a l .  Only the r a d i a t i o n  due t o  neu- 
t r o n  back-sca t te r ing  and gamma emission i s  s i g n i f -  
i c a n t  s i n c e  mos t  o f  the  alpha and beta r a d i a t i o n  i s  
absorbed b e f o r e  i t  reaches the s u r f a c e .  

It has been est imated tha t  back-sca t te r ing  produces 
a f l u x  of 0.02 neutrons cm-2sec'1 and tha t  the  rad- 
i a t i o n  due t o  induced r ad ioac t ive  spec ie s  ( f o r  an 
average solar  f l u x ,  i . e .  excludin s o l a r  f l a r e s )  
approximates 0.6 g a m a s  cm-2sec-1T31 ) . T h i s  cor- 
responds t o  a t o t a l  dose r a t e  o f  0.5 millirems/week- 
two t o  three orders  of  magnitude less than t h a t  due 
t o  the  primary cosmic and s o l a r  r a d i a t i o n .  
The n a t u r a l  r a d i o a c t i v i t y  i s  almost e n t i r e l y  due t o  
t he  decay of  t he  r ad ioac t ive  i so topes  of  potassium, 
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uranium and thorium. Assuming an average chondr i t i c  
meteor i te  abundance f o r  these  i so topes ,  t he  gamma 
r a d i a t i o n  has been est imated (26)  a s  approximately 
0.02 gammas cm-2 see-1. T h i s  may be t o o  low i f  the  
moonls su r face  has concentrated these i so topes  i n  the 
same way t h a t  the e a r t h ' s  c r u s t  has. I n  t h i s  event ,  
the  dose r a t e  would be  i n  the  range 0.3 t o  2 m i l l i -  
rems/week (31). 
t h i s  f a c t o r  by as  much as 1000, i t  would s t i l l  be 
2 orders  of  magnitude l e s s  than a hazardous dose .  

If lcc a 1  "hot  spots"  mul t ip l i ed  

6 .3  Texture and S t ruc tu re  o f  the  Lunar Surface Mater ia l  

To be cons i s t en t  w i t h  thermal conduct iv i ty  and o p t i c a l  
wave length  r e f l e c t i v i t y  data, the  l u n a r  su r face  
must be composed of l o w  dens i ty ,  porous m a t e r i a l  
which i s  extremely rough on a microscale (mi l l ime te r s  
t o  microns).  

T h i s  ma te r i a l  need no t  be more than an inch o r  s o  
t h i c k  bu t  i t  must be a l m o s t  ubiqui tous on the l u n a r  
s u r f a c e .  

Poss ib le  t ex tu res  which f i t  t he  observa t iona l  d a t a  

Whisker l a y e r  - t he  s o l a r  and cosmic p ro ton  
f l u x  may cause the  growth of f i n e  whisker 
c r y s t a l s  on the  su r face  ma te r i a l  by s p u t t e r i n g ,  
producing a d e l i c a t e  mat of very f i n e ,  e longated 
c r y s t a l  h a i r s .  Such a process would be self-  
stopping a f t e r  an i n s i g n i f i c a n t  th ickness  
had developed, unleps new source m a t e r i a l  
was continuously suppl ied .  

Rock f ro th  - the degassing of  tQe upper par t  
of  a molten e x t r u s i v e  rock would produce a 
l a y e r  one t o  s e v e r a l  f e e t  t h i c k  of porous 
rock f r o t h .  The number and s i z e  o f  the ves i -  
cu les  depends upon the amount of contained 
v o l a t i l e s  and i s  a p t  t o  be h igh ly  v a r i a b l e .  

Dust - the e ros ion  of topographic highs by 
micrometeori t ic  and secondary p a r t i c u l a t e  
bombardment leads t o  accumulation o f  the 
eroded dus t - s ized  p a r t i c l e s  i n  the topographic 
l o w s .  This process  tends t o  smooth ou t  t he  
macro-relief,  lowering and rounding the highs 
and f i l l i n g  i n  the l o w s .  T h i s  d u s t  l a y e r  should 
be discontinuous,  and no more than 1 t o  6 
inches t h i c k  i n  most p laces  bu t  l o c a l l y  may 
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accumulate to seve ra l  t ens  o f  f e e t .  

6.4 

There is no good reason f o r  be l i ev ing  the  l u n a r  
su r face  material i s  homogeneous. It most probably 
c o n s i s t s  o f  both dus t  and rock f r o t h ;  a t h i n  whisker 
l a y e r  o r  a t h i cke r  l a y e r  of mixed dus t  and whiskers 
are lesser p o s s i b i l i t i e s .  Cont inental  a r eas  a r e  
d i f f i c u l t  t o  p r e d i c t ,  b u t  underlying the  su r face  
ma te r i a l  i n  marial  regions,  a t  a depth of no more 
then a f e w  f e e t  i n  mos t  p laces ,  the  rocks m o s t  pro- 
bably approach normal t e r r e s t r i a l  dens i ty  and s t r u c t -  
u r a l  s t r e n g t h .  

Bearing Strength 

The bear ing  s t r e n g t h  of  a whisker mat i s  l i k e l y  t o  
be n e g l i g i b l e ,  but  i f  such a su r face  e x i s t s ,  i t  is  
much t o o  t h i n  t o  be considered hazardous.  

T e r r e s t r i a l  rock f r o t h s  ran  e i n  bear ing s t r e n g t h  
from 200 p s i  t o  12,000 p s i  7'24). 
may o r  may n o t  be comparable. Fac tors  t o  consider  a r e  
the  reduced luna r  g rav i ty ,  l a c k  of an atmosphere and 
the  amount o f  t o t a l  v o l a t i l e s  the l u n a r  magmas con- 
t a i n e d .  A p rec i se  a n a l y s i s  is  no t  p o s s i b l e  bu t  i t  
does seem highly un l ike ly  'that t he  bear ing s t r e n g t h  
of  any l u n a r  rock f r o t h  i s  l e s s  than 100 p s i .  

Lunar rock f r o t h s  

The bear ing  s t r e n g t h  of  a d u s t  l a y e r  i s  a continu- 
ously varying parameter, s i n c e  the a p p l i c a t i o n  of  a 
load t o  such a l a y e r  causes compacting and i n t e r l o c k i n g  
of t h e  underlying ind iv idua l  p a r t i c l e s .  Thus the 
bear ing  s t r e n g t h  inc reases  r a p i d l y  w i t h  the  depth 
o f  pene t r a t ion  of a b l u n t  s u r f a c e .  Fo r  example, 
the load necessary t o  pene t r a t e  t o  depths o f  1 inch  and 
5 inches,  r e spec t ive ly ,  i nc reases  from 4 t o  25 p s i ,  
f o r  a l a y e r  of f inely-ground pw-ice under s tandard 
temperature and pressure  condi t ions  ( 2 9 ) .  

The v a r i a t i o n  i n  bear ing  s t r e n g t h  o f  a l u n a r  d u s t  
l a y e r  depends upon the  i n i t i a l  degree of  compaction 
a t t a i n e d .  Except. f o r  the  f i rs t  inch o r  s o  of such a 
l a y e r ,  which nay be kept  loose  by impact churning, the  
remainder most  probably a t t a i n s  a more compact packing 
than l abora to ry  simulated l a y e r s ,  due t o  the  "shake- 
down" e f f e c t  o f  se ismic pulses  over very long per iods  
o f  t i m e .  A reasonable f i g u r e  f o r  n e g l i g i b l e  pene t r a t ion  
(1-2 inches )  o f  such a l u n a r  dus t  l a y e r  i s  1 0  p s i ;  
i . e .  a load of 1 0  p s i  w i l l  p ene t r a t e  to a maximum 
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depth of  1-2  inches.  

It has been suggested that  such a d u s t  l a y e r  would 
be fused t o  a g r e a t e r  o r  l e s s e r  e x t e n t  by micro- 
meteor i te  and/or cosmic ray  bombardment (27) or 
by p a r t i a l  s i n t e r i n g  o f  i nd iv idua l  p a r t i c l e s  i n  the  
near  vacuum environment. (29)  The f irst  process  
would r e s u l t  i n  increased bear ing s t r e n g t h s .  
second process could e i t h e r  i nc rease  o r  decrease the 
bear ing s t r eng th ,  depending upon the degree of com- 
pac t ion  a t t a i n e d  before  s i n t e r i n g  and the  s t r e n g t h  
o f  the  i n t e r g r a n u l a r  bonds. 

The 

The foregoing d iscuss ion  of bear ing s t r e n g t h  assumes 
a uniform d i s t r i b u t i o n  o f  s o l i d  m a t e r i a l  w i t h  dep th .  
If  there a r e  near  su r face  voids,  such as l a r g e  gas 
v e s i c l e s  which d i d  no t  q u i t e  breach the su r face  o f  a 
l ava  flow o r  c rev ices  which a r e  br idged by t h i n  l a y e r s  
of s i n t e r e d  dus t ,  then a l l  b e t s  a r e  o f f .  The load 
car ry ing  capac i ty  o f  a r o o f  o r  b r idge ,  whatever the 
i n t r i n s i c  bearing s t r e n g t h  of t he  m a t e r i a l ,  i s  depend- 
e n t  upon o t h e r  f a c t o r s ,  such as the  s i z e  and shape 
of the  void,  the th ickness  of the  roof o r  b r idge  and 
i t s  geometric conf igura t ion .  

6.5 Thermal Conductivity 

Lunar su r face  temperature measurements made during the 
course of l una t ions  and e c l i  s e s  have e s t ab l i shed  tha t  
the  thermal i n e r t i a  ( K f c ) l / s  of t he  moonts su r face  
i s  of t he  order  0.001 o 0.002 cal/cm2 sec1/2 degree 
C, where K is  the thermal conduct iv i ty ,  
and c the s p e c i f i c  hea t  of the su r face  ma te r i a l  ( 5 ) .  
None of the th ree  q u a n t i t i e s  are accu ra t e ly  known by 
themselves.  
decrease w i t h  decreasing tef iperature .  The amount 
of v a r i a t i o n  i s  unce r t a in  b u t  i s  presumed t o  be sma l l .  
The l e a s t  u n c e r t a i n t i e s  a r e  involved i n  the q u a n t i t i e s  

and c and by assuming reasonable va lues  f o r  these  f arameters,  the thermal conduct iv i ty  K may be approx- 
imated. The prefer red  values  a re :  

f t he  dens i ty  

Further ,  both K and c and thus  a l s o  (kp c)1/2 

(Kp c)1 /2 . .  .... .001-0.002 
c ............. p .  . . . . . . . . . . . .  0.6 t o  1.5 gm/cm3 

. . .  . . . . . . . . . . . . .  
sec  degree 

cm 
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The above approximation assumes a homogeneous s u r f a c e .  
I f  the  su r face  i s  i n  f a c t  heterogeneous,  t he  range 
i n  thermal conduct iv i ty  w i l l  probably l i e  a t  l e a s t  
p a r t i a l l y  outs ide  the estimated range 

At tempts  have been made to f i t  the  a v a i l a b l e  i n f r a -  
red d a t a  more c l o s e l y  by assuming a 2- layer  s u r f a c e ,  

and c .  
each l a y e r  having d i f f e r e n t  va lues  of K, 
If the  upper l a y e r  i s  taken to be very t h ' n  ( <  1 em), 
one can juggle these va lues  to give  s a t i s f a c t o r y  
agreenent  w i t h  the  i n f r a - r e d  d a t a .  At t h i s  t i m e ,  
the  q u a l i t y  of the a v a i l a b l e  data i s  be l ieved  to be  
i n s u f f l c i e n t  t o  warrant the added complexity of a 
2- layer  model ( 5 )  

6 .6  E l e c t r i c a l  Conductivity 

Evans (16), i n  d i s c u s s i n g  the work of Senior  and 
S iege l ,  quotes a value of 3.4 x 10-4 mhos/meter 
(3. 4 x 10-15 emu) f o r  the e l e c t r i c a l  conduc t iv i ty  
o f  the  l u n a r  sur face  m a t e r i a l .  T h i s  f i g u r e  i s  s u b j e c t  
to an  e r r o r  of unknown magnitude because of t he  
assumptions, b o t h  t h e o r e t i c a l  and experimental ,  
which were necessary f o r  the  c a l c u l a t i o n .  The meas- 
ured e l e c t r i c a l  conduc t iv i ty  f o r  t e r r e s t r i a l  materials 
such a s  dry  sandy s o i l ,  i s  2 x 10-14 emu ( 2 8 ) .  T h i s  
t ends  to corroborate  the  c a l c u l a t e d  l u s a r  conduct- 
i v i t y  s i n c e  one would expect  the l u n a r  s u r f a c e  conduct- 
i v i t y  to be somewhat lower than t h i s  f i g u r e .  

7 . 0  LUNAR LANDING SITE 

The a v a i l a b l e  evidence i n d i c a t e s  t h a t  an Apollo landing  
and subsequent exp lo ra t ion  on marial material  i s  a p t  to 
be less hazardous than on c o n t i n e n t a l  m a t e r i a l .  Speci-  
f i c a l l y :  large s c a l e  s l o p e s  should be only 2-4 degrees, 
except  very  l o c a l l y ;  c r a t e r s  are  s u b s t a n t i a l l y  less 
abundant and the small s c a l e  s u r f a c e  roughcess, e s p e c i a l l y  
t h a t  caused by f a u l t s  and f i s s u r e s ,  should be cons iderably  
less hazardous than on c o n t i n e n t a l  areas, w i t h  the  poss- 
i b i l i t y  t h a t  the  t e r r a i n  encountered w i l l  a c t u a l l y  be much 
smoother than pos tu la ted ;  f i n a l l y ,  i f  i s o l a t e d  t h i c k  d u s t  
d e p o s i t s  should prove hazardous, the frequency of t h e i r  
occurrence i n  mar ia l  reg ions  should be much s n a l l e r  than 
i n  c o n t i n e n t a l  a reas ,  s i n c e  the re l ie f  i s ,  i n  gene ra l ,  
n o t  n e a r l y  s o  g rea t .  
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F o r  a maximum s c i e n t i f i c  r e t u r n ,  the  maria1 landing s i t e  
should be within explora t ion  range o f  a con t inen ta l  a r ea  
and/or a post-maria1 c r a t e r .  

F i n a l l y ,  the landing s i t e  should be c lose  enough t o  t he  
terminator  f o r  shadows t o  be conspicuous, f o r  purposes 
of video and photographic enhancement, while s t i l l  allow- 
ing  s u f f i c i e n t  l i g h t  f o r  optimum funct ioning  during the en- 
t i r e  s tay  per iod .  

8.0 LUNAR SURFACE CHARACTERISTICS - SUMMARY 

Lunar Atmosphere - 4 14 x 10-13 l b s / sq .  i n  

Temperature of Surface Material - Ranges f r o m  390 
A20 t o  110 k 25 degrees K f o r  a r e a s  tha t  a r e  exposed 
t o  the  sun a t  some time during a l u n a t i o n .  Per- 
manently shaded a reas  w i l l  be co lde r  than the  low- 
e s t  f i g u r e  quoted. The v a r i a t i o n  w i t h  longi tude 
and l a t i t u d e  (with a probable e r r o r  of k 25 degrees 
o r  g r e a t e r )  i s  shown i n  F ig .  2. 

Large Scale  Surface Fea tures  - see  t e x t .  

Small Scale  Surface Fea tures  
Continents - Blocks and/or f l o w  s t r u c t u r e s  
up t o  three f e e t  i n  he igh t  covering much of 
the sur face ,  many small  c r a t e r s  ranging f rom 
a f r a c t i o n  of an inch  to s e v e r a l  hundred f e e t  
i n  diameter,  numerous small f a u l t s  and f i s s u r e s ,  
numerous larger blocks o r  l ava  flow s t r u c t u r e s  
up t o  15-20 feet  i n  height,  l o c a l  s lopes  up 
t o  40 degrees no t  uncommon. Modified t o  an 
uncer ta in  e x t e n t  by rounding of proJec t ions  
and accumulations of d u s t  i n  topographic l o w s .  
Maria - Rubbly material w i t h  blocks and f low 
s t r u c t u r e s  up t o  three fee t  i n  height n o t  un- 
common; l a r g e r  blocks and f l o w  s t r u c t u r e s  up 
t o  20 f e e t  i n  he igh t  l o c a l l y ,  small c r a t e r s  
ranging from f r a c t i o n s  of  an inch t o  s e v e r a l  
hundred f e e t  i n  diameter numerous (bu t  most 
a r e  on the lower  end of the s i z e  s c a l e ,  l a r g e r  
one8 q u i t e  s ca rce ) ,  g e n t l e  s lopes  except f o r  
i nne r  r i m s  of r a r e  c r a t e r s ,  some small  s c a l e  
f i s s u r e s  and f a u l t s .  Modified t o  an unce r t a in  
e x t e n t  by rounding of p ro j ec t ions  and accumu- 
l a t i o n s  of dus t  i n  topographic lows .  
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Chemical Composition - No d e f i n i t i v e  information 

Radioac t iv i ty  - Average dose due t o  su r face  radio-  
a c t i v i t y  i s  3 millirems/week. T h i s  i s  5 o rde r s  of 
magnitude less than t h a t  considered hazardous over 
long per iods of t ime. 

Texture and S t ruc tu re  - A heterogeneous su r face  
composed of  discontinued patches of d u s t  f i l l i n g  
the  depressions between topographic highs composed 
of rock f r o t h .  Where present ,  the dus t  l a y e r  w i l l  
mos t  probably be no more than 1 t o  6 inches t h i c k .  
Rare, very l o c a l  accumulatiorls up t o  t ens  of f e e t  
a r e  not  impossible.  The marial su r face  ma te r i a l s  
are under la in  i n  most  p laces  a t  a depth of no more 
than 1 t o  5 fee t  by competent rock of normal terrest-  
r i a l  dens i ty  and s t r u c t u r a l  s t r e n g t h .  

Bearing Strength 
Dust - Disregarding the t o p  inch o r  so,  
which may or may no t  be loose ly  packed, a 
load of 10 p s i  w i l l  produce a maximum pene- 
t r a t i o n  of 1-2 inches .  There w i l l  be some 
v a r i a t i o n  i n  t h i s  f i g u r e  from a r e a  t o  a r e a .  
Rock Fro th  - 100 p s i  minimum and h igh ly  var- 
i a b l e  from one a r e a  t o  another  
Underlying rock - 25,000 p s i  minimum 

Thermal Conductivity - 3 x t o  3 x c a l /  
cm2 sec  degree f o r  an assumed homogeneous su r face  

m a t e r i a l .  The underlying s o l i d  rock should approxi- 
mate t e r r e s t r i a l  igneous rocks,  which have thernal 
conduc t iv i t i e s  on the  order  of 
s ec  degree. 

E l e c t r i c a l  Conductivity - 3.4 x 10-4 mhos/meter f o r  
an assumed homogeneous su r face  material. 

cm 

4 x 10-3 cal/cm2 

cm 

9 . 0  DISCUSSION 
\ 

There a r e  processes which may be opera t ive  on the  l u n a r  
su r face  which have n o t  been discussed i n  the  proposed 
su r face  model .  The reason f o r  t h i s  apparent  neglec t  i s  t h a t  
no t  only i s  i t  d i f f i c u l t  t o  es t imate  t h e i r  e f f e c t s  bu t  
t h e i r  very exis tence i s  ques t ionable .  If  they do e x i s t ,  
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and t h e i r  magnitudes a re  no t  n e g l i g i b l e ,  they could cons- 
t i t u t e  a d i s t i n c t  danger f o r  a l u n a r  expedi t ion .  These 
phenomena a r e  l i s t e d  and b r i e f l y  discussed below. 

Chemical Act ivi ty:  The l u n a r  sur face  'mater ia ls  have been 
s u b j e c t  t o  i r r a d i a t i o n  over a wide energy spectrum f o r  a 
very long per iod of time i n  a high vacuum. T h i s  could 
r e s u l t  i n  ma te r i a l  having a chemically "clean" su r face  
w i t h  many u n s a t i s f i e d  su r face  bonds.  Such a ma te r i a l  
would be h ighly  unstable  i n  an atmospheric environment and 
might r e a c t  v i o l e n t l y  wi th  a rocke t  exhaust o r  any o t h e r  
fo re ign  gases  w i t h  which i t  came i n  con tac t .  The e x t e n t  
of the hazard depends e n t i r e l y  upon how much energy i s  re- 
Leased and how it i s  d i s s i p a t e d .  Thus, i n s t ead  of  a 
v i o l e n t  r eac t ion ,  re leased  energy could simply serve  t o  h e a t  
the  su r face  ma te r i a l  a few degrees .  

Dust Behavior: The behavior o f  an a g i t a t e d  d u s t  l a y e r ,  
p o s s i b l y  e l e c t r i c a l l y  charged and/or chemically "c l ean" ,  
on the l u n a r  su r face  is  no t  known. Nei ther  the  movement 
o f  the  dus t  p a r t i c l e s  under t r a c t i v e  or exhauslt impulses 
nor  t h e i r  adhesiveness t o  su r f aces  can be p red ic t ed .  
These p r o p e r t i e s  could be important to a landing space- 
c r a f t ,  a roving vehicle  or an a s t ronau t  on f o o t .  

Impact-Produced Ejecta:  The impact of  meteoroids on the  
lunar su r face  r e s u l t s  i n  the  e j e c t i o n  of  secondary p a r t -  
ic les  which then become a v a i l a b l e  f o r  f u r t h e r  e ros ion  of  
the su r face ,  and the  poss ib l e  f r o s t i n g  of pol ished o p t i c a l  
su r f aces  and penet ra t ion  of space s u i t s .  These secondaries  

e r  than the i n c i d e n t  mass; and ( 2 )  Many of the lower vel-  
o c i t y  p a r t i c l e s  may not  have propor t iona te ly  diminished 
pene t r a t ing  power a s  compared w i t h  the  primary, whose 
higher v e l o c i t y  causes an explosion upon impact.  The mag- 
n i tude  of the hazard due t o  secondary e j e c t a  depends 
upon the primary meteoroid f l u x ,  which is  n o t  w e l l  known. 
If t h i s  primary f l u x  is  very small, t he  e f f e c t  of the 
secondaries  w i l l  be n e g l i g i b l e  f o r  Apollo s t a y  times 
even i f  the mass e j ec t ed  i s  a f a c t o r  of l o4  g r e a t e r  than 
the primary mass. Furthermore, e s t ima tes  of e j e c t e d  mass 
a r e  based on experiments i n  which the impacting body'en- 
counters  a dense, smooth su r face  ( 3 0 ) .  The impact of a 
p a r t i c l e  i n t o  a v e r y  low dens i ty ,  h ighly  porous l a  e r  
(such a s  has been pos tu la ted  f o r  the  luna r  surface? might 
n o t  e j e c t  a s  much a s  these  experiments i n d i c a t e .  

be more hazardous than the  primary p a r t i c l  s because: 
The mass of e j ec t ed  material may be 103-10 8 times g r e a t -  33 
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Next i t  should be emphasized t h a t  included among those 
a spec t s  of the l u n a r  sur face  environment about which 
there i s  l i t t l e  information a r e  t h e  most important 
su r f ace  c h a r a c t e r i s t i c s  from a manned landing viewpoint.  
These a r e  the  na tu re  of the  su r face  m a t e r i a l  w i t h  r e spec t  
t o  s t r u c t u r e ,  t e x t u r e ,  and bear ing  s t r e n g t h ,  and the 
na ture  of t he  small-scale su r face  r e l i e f .  

The mos t  hazardous sur face  m a t e r i a l  would be a t h i c k ,  
extremely porous l a y e r  having a very low s t r u c t u r a l  s t r e n g t h .  
An ex t rus ive  l u n a r  rock f r o t h  might have these charac te r -  
i s t i c s ,  al though i t  i s  d i f f i c u l t  t o  conceive o f  condi t ions 
on the moon a f f e c t i n g  the v e s i c u l a t i o n  of a lava  i n  a 
manner s o  r a d i c a l l y  d i f f e r e n t  from.what w e  observe with 
t e r r e s t r i a l  f l o w s .  Another p o s s i b i l i t y  i s  a d u s t  l a y e r  
which does no t  compact because the ind iv idua l  p a r t i c l e s  
s t i c k  toge ther  on contac t ,  bu i ld ing  up a very open 
t e x t u r e .  There i s ,  however, no good reason t o  expect 
d u s t  l a y e r s  more than a f e w  inches t h i c k  i n  marial  r eg ions .  

A t  the o t h e r  end of the spectrum, the known f a c t s  about t he  
l u n a r  su r face  a r e  equal ly  wel l  explained by a su r face  of 
dense, hard rock covered by an inch  o r  l e s s  of loose d u s t  
and/or whisker c r y s t a l s .  

I n  the  f i n a l  a n a l y s i s  the bear ing  s t r e n g t h  f i g u r e s  which 
were assigned t o  the probable su r face  m a t e r i a l s  a r e  
thought t o  r ep resen t  the  minimum s t r e n g t h s  which t h e r e  i s  
a reasonable p r o b a b i l i t y  of  encounter ing.  Fur ther ,  
t he  lowest bear ing  s t r e n g t h  quoted (10 p s i  f o r  d u s t )  i s  
considered c lose  enough t o  any conceivable minimum t o  
n e c e s s i t a t e  only minor changes i n  A p o l l o  design charac te r -  
i s t i c s  should lower s t r e n g t h s  be subsequently observed. 

These bear ing  s t r e n g t h  f i g u r e s  do no t  apply t o  the load 
ca r ry ing  capac i ty  of roofed o r  bridged voids ,  which may 
c o n s t i t u t e  co l lapse  hazards .  It has been assumed tha t  
such voids  can be de tec ted  and e i the r  avoided o r  crossed 
w i t h  s p e c i a l  equipment. 

Est imates  of the moon's smal l - sca le  su r face  r e l i e f  range 
f r o m  very rough (for a d e t a i l e d  rough model d e s c r i p t i o n  
see  the d iscuss ion  i n  t h i s  r e p o r t  on con t inen ta l  a r e a s )  t o  
very smooth (most s lopes  very g e n t l e  bu t  occas iona l ly  
reaching an upper l i m i t  of l O - l 5 O .  Few, if any, p i t s  
and protuberances g r e a t e r  than 4 inches i n  depth and 
he ight ,  c rev ice  dens i ty  assumed l o w  enough s o  tha t  ind iv id -  
u a l  c r ev ices  may be avoided by maneuvering). 
of  a v a i l a b l e  evidence, n e i t h e r  extreme can be precluded. 
However, bo th  a r e  considered unreasonable f o r  Apollo pur- 

On the basis 
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poses.  

If extreme small-scale  roughness occurs i n  marial reg ions ,  
it i s  almost c e r t a i n l y  no t  continuous and information from 
unmanned probes should permit avoidance of these  a r e a s .  
Thus, such a model i s  u n r e a l i s t i c  s ince  designing Apol lo  
f o r  extreme small-scale  roughness i s  expensive i n  terms 
of time, weight and money. 
manned probe must b e  ab le  t o  land and func t ion  i n  such 
a reas ,  f o r  i t  cannot pick i t s  landing s p o t  t o  reduce 
small-scale  hazards .  

On the o t h e r  hand, an un- 

The na ture  of the processes opera t ing  t o  reduce the  moonrs 
su r face  t o  a Daytona Beach could a f f e c t  a l a r g e  por t ion  
of the t o t a l  su r f ace  a r e a .  But i n  the  absence of concrete  
evidence, t h i s  model must be ignored, because i t  is  too 
o p t i m i s t i c .  It would be embarrassing i f  a "smooth moon 
design" encountered a rough s u r f a c e .  

On the  basis of t he  above a n a l y s i s  i t  can be seen t h a t  the 
in te rmedia te  model descr ibed i n  the  body o f  t h i s  r e p o r t  
f o r  marial regions i s  the p re fe r r ed  model.  T h i s  preference 
i s  e s s e n t i a l l y  independent o f  any estimate of p r o b a b i l i t y  
of  occurrence . 
F i n a l l y ,  a t t e n t i o n  i s  aga in  drawn t o  the f a c t  t h a t  the moon's 
c r u s t  i s  undoubtedly heterogeneous,  varying both l a t e r a l l y  
and w i t h  depth.  T h i s  v a r i a t i o n  has been r e f e r r e d  t o  i n  
numerous p laces  throughout the r e p o r t ,  bu t  has been point-  
ed ly  ignored i n  t h e  assignment of numbers t o  some su r face  
c h a r a c t e r i s t i c s .  The s o l e  j u s t i f i c a t i o n  f o r  t h i s  incon- 
s i s t e n c y  i s  the complete l a c k  of da t a  concerning the  
d i s t r i b u t i o n ,  c h a r a c t e r i s t i c s  and e f f e c t s  of t h i s  heter- 
ogenei ty  w i t h  r e spec t  t o  these su r face  parameters.  

- 

I n  past working s ta tements  i t  has been assumed t h a t  the 
lunar su r face  could be  descr ibed i n  terms of three con- 
t inuous,  superimposed layers,  each having c e r t a i n  constant  
c h a r a c t e r i s t i c s .  
t o  d i s p e l  t h i s  misconception. 

It is  hoped tha t  the p resen t  repor t  helps 
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APPENDIX 



Theore t i ca l  curve with ( K  c)l’* = 0.0023 show- 
ing the v a r i a t i o n  of  l un  ap sur face  e q u a t o r i a l  temp- 
e r a t u r e s  w i t h  phase ang le .  The c i rc les  r ep resen t  
su r f ace  temperature measurements made throughout 
a luna t ion .  After Sinton ( 5 ) .  

Figure 1. 

Figure 2. Theore t i ca l  curves showing the v a r i a t i o n  of  su r f ace  
temperatures with l a t i t u d e  and phase ang le .  The 
curves are based on the e q u a t o r l a l  curve of Sinton 
shown I n  Figure 1. 
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